The evaluation of reinforced concrete structures behavior is doted of uncertainty as parameters, like used materials and geometry, are not deterministic. This article presents experimental tests and respective numerical study of a series of simply and mixed supported reinforced concrete beams, which were loaded till rupture. Those beams were executed at same time, presenting different longitudinal reinforcement, distance between transversal reinforcement and concrete covering. Such beams were first analyzed using a calibrated deterministic non-linear numerical model. In order to take into account the uncertainty, a probabilistic nonlinear analysis was then executed. The results from numerical analysis were defined by random distributions. Experimental data was grouped by beam typologies and characterized by a random distribution, also. An index, which relates the proximity of both random distributions, was then defined. Such index will characterize, in a more rigorous and consistent way, if the structural behavior is, or not, within the expected one.
INTRODUCTION
When a detailed analysis of a reinforced concrete structure is necessary, it is desirable to execute a non linear analysis, due to the non linear behavior of their constitutive materials. One of the greatest applications of non linear analysis of reinforced concrete structures is the realization of numerical tests, till rupture, with the aim of studying the respective structural behavior. One other application is on the identification of reinforced concrete structures safety factor. In this paper the non linear analysis are executed by using ATENA software (Červenka, 2002) .
On other way, probabilistic techniques are being used more, recently, in engineering of structures (Ditlevsen & Madsen, 1996 and Nowak & Collins, 2000) , namely, on the non linear analysis of reinforced concrete structures, due to the associated parameters uncertainty (Teigen et al., 1991a , Teigen et al., 1991b , Choi et al., 2004 , Pukl et al., 2006 and Matos, 2008 . In fact, the real answer of a structure solicited by a specific load it is, never, deterministic, as all involved parameters, from the ones related to constitutive materials to the ones related to the respective applied load, are variable.
However, when a numerical analysis is performed, such phenomenon is, on majority of times, not considered, and pure deterministic models are adopted. This fact is essentially due to the high computational cost of non linear probabilistic analysis and to the lack of knowledge of design engineers, when defining the appropriate probabilistic distribution function of each parameter. In this paper the executed probabilistic non linear analyses, were realized using SARA platform, which is a combination of the software ATENA (Červenka, 2002) and FREET (reliability analysis software) (Novák et al., 2003 , Pukl et al., 2006 , and Matos et al., 2010 .
This paper intends to analyze the behavior of two batches of reinforced concrete beams, tested, in laboratory, till rupture. The first batch is constituted by 36 simply supported beams and, the second one, by 32 mixed supported beams. In a first phase a non linear deterministic numerical model is calibrated. A non linear probabilistic analysis was then executed, taking into consideration the variability of each input parameter, accordingly to the bibliography (JCSS, 2001 , Choi et al., 2004 , and Matos, 2008 or to characterization tests, and the previous developed deterministic numerical model.
From such analysis, the random probabilistic distribution function of each output parameter is determined. Also, experimental data was grouped by beam typologies and characterized by a random distribution function. An index, which relates the proximity of both random distributions, is then defined. Such index characterize, in a more rigorous way, if the structural behavior is within the expected one.
EXPERIMENTAL TEST

Simply Supported Beams
The experimental test, presented in Figure 1 , consists in loading, till rupture, a batch of 36 reinforced concrete beams. The tested beams are differentiated by the percentage of longitudinal reinforcement, the space between stirrups and the concrete cover. Such beams are constituted by a S500B steel and a C25/30 concrete, accordingly to EN 1992-1-1 (2004). Those beams are simply supported, presenting a 1.50 m span, and are loaded by two punctual loads (P), placed at 1/3 and 2/3 of the span. Each beam has a section of 75x150 mm. The beams were concreted at same time. It was used diameters of φ6, φ8 and φ10 for longitudinal reinforcement and φ4 for transversal one. It was considered 10 mm concrete cover.
The test was performed at a velocity of 0.0006 mm/s and it were registered the applied load, by an electro mechanic actuator, and the mid span displacement, through a LVDT (Linear Variable Differential Transformer) ( Figure 5b ).
From the 36 tested beams it were obtained bending rupture modes, with high reinforcement extension or with concrete crushing ( Figure 2 ), and shear rupture modes ( Figure 3 ). Such beams were grouped by typologies, being analyzed 4 typologies (Table  1) , which represents a total of 19 tested beams. Typology 1 presents a low percentage of longitudinal reinforcement and, consequently, a bending rupture mode with a high steel extension, may appear. This rupture mode is fragile, and so, it is necessary to avoid.
Typology 3 and 4 present a higher quantity of steel reinforcement and, as a result, they are more susceptible to shear failure modes. However, for typology 4, there are no shear failure modes due to the small space between stirrups.
Typology 2, present a quantity of longitudinal reinforcement and of stirrups within the normal one, being the obtained rupture mode a bending one, with concrete crushing. This is a rupture mode with previous warning, which is desirable, when performing structural design (Matos et al., 2010) . 
Mixed Supported Beams
The experimental test, which scheme is presented in Figure 4 , consists in loading, till rupture, a batch of 32 reinforced concrete beams. It was used a S500B steel and a C25/30 concrete (EN 1992 (EN -1-1, 2004 , previously characterized at laboratory. Those beams were grouped by typologies, considering the percentage of longitudinal reinforcement, the space between stirrups and the concrete cover. Due to the fact of the analyzed beams being hyper static, it was necessary to measure the real reaction at the simply support, with a load cell of 200 kN ( Figure 5a ), in order to determine the bending moment at clamping support, by using the equilibrium system equations. It was also measured the mid span displacement, by means of a displacement transducer (LVDT) ( Figure 5b ). The obtained rupture modes were the same, for all beam typologies, which are bending ruptures with concrete crushing ( Figure 6 ). This is essentially due to the fact that it was used a small space between stirrups, which reduced the probability of obtaining a shear rupture mode. Accordingly, only one typology, defined by two beams with longitudinal reinforcement of 2φ8 (superior) and 3φ6 (inferior), stirrups spaced of 0.08 m (mid span) and 0.03 m (supports), and with a cover of 2 cm, was analyzed, in this situation. Such typology presents a first phase of elastic behavior. When the first hinge appears, on the clamping support (Figure 7a ), the beam rigidity reduces. Later on, the second hinge appears, above the application point of the load, which is located near the simply support ( Figure 7b ). A mechanism of plastic hinges is developed, and the global rupture of the structure is achieved ( Figure 8 ). The variation of the bending moment at clamping support with the reaction, registered at simply support, is described in Figure 9 . From graph analyzes it is possible to conclude that tested beams do not present a perfect clamp since the beginning of laboratory test. In a first phase, the bending moment is practically zero as reaction grows. This fact confirms the beam accommodation on clamping zone that corresponds to concrete crushing. It behavior, at that time, is similar to simply supported beam one. In next phase it is verified a linear relation between both variables. The bending moment grows, together, with applied load.
Then, it is possible to identify a phase, in which the bending moment grows at clamp support, being the support reaction, constant. It is possible to conclude that even though the applied load grows, the registered reaction at simply support maintains equal, and, consequently, the bending moment at clamp support grows. In a last phase, the applied load, the support reaction and the bending moment at clamp support maintains, all, equal. 
NUMERICAL ANALYSIS
Simply Supported Beams
The non linear deterministic analysis was executed with the aim of interpreting obtained experimental data. It was developed a deterministic model, by using a quadrangular finite element mesh. A perfect bond between reinforcement and concrete was considered. Characteristics of concrete and steel were unknown at beginning, and so, it was necessary to perform model calibration ( Table 2 and 3). It was considered, for reinforcement steel, a Young modulus of 200.00 GPa and a limit strain of 0.08 (-). A model simplification, without changing the output results, and, with the aim of obtaining a reduced size numerical model for posterior probabilistic non linear analysis, was then executed, by reducing finite elements number and load steps. From numerical analysis it was obtained bending rupture modes, for typology 1 and 2 ( Figure 10 ), and shear rupture modes, for typology 3 and 4 ( Figure 11 ). Figure 12 , 13, 14 and 15 present the results, by typology, from experimental and numerical tests. It is possible to conclude that both results are approximated (Table 4 ). However, in the presence of numerical shear failure modes, a higher error is obtained. In fact, on such cases, similar beams, from typology 3, present different rupture loads, and, in some situations, different rupture modes. For typology 4, all tested beams present a rupture mode different from the numerical one (Matos et al., 2010) . 
Mixed Supported Beams
The non linear deterministic analysis was developed with the purpose of study each beam behavior. The model was developed by means of a quadrangular finite element mesh ( Figure 16 ). The bond between reinforcement and concrete is considered to be perfect. The used materials were characterized by means of compressive and bending tests, for concrete and tensile tests, for reinforcing steel (Table 5 and 6). The elasticity modulus of reinforcing steel was considered to be f 197.05 GPa. Also, the concrete cover was determined by cutting the analyzed beams, after the laboratory test. Accordingly, it was adopted a cover of 22.34 mm for inferior reinforcement, and of 25.84 mm for superior one. The numerical test was executed with displacement control. However, in order to perform that, it was necessary to reproduce the steel beam, in which the actuator applies the load, due to the non symmetry of analyzed beams. Also, the clamp support was simulated by a very rigid zone that evolves the reinforced concrete beam.
In order to reproduce the beam accommodation, at clamp support, the concrete material was defined as poor quality concrete. Also, contact elements between steel and tested reinforced concrete beam were previously specified. It was used interface finite elements which present an elevated normal rigidity associated to a low transversal one. Such elements will permit that only normal stresses could go beyond one beam to the other.
After the initial beam accommodation, where the global behavior is similar to a simply supported beam, the clamp support starts to operate, being the beam behavior within the simply support and the perfect clamp ones. In order to simulate this phenomenon, it was used, at clamp support zone, spring elements, being the spring rigidity correctly defined. A model calibration was so executed and a spring constant of 200 kN/m was then defined.
In one last step, a model simplification was developed. Such simplification was necessary to execute correctly a non linear probabilistic analysis. It consisted in minimizing the number of finite elements on the mesh and, also, the number of steps. The final model is presented in Figure 16 . The behavior of the beam, loaded till rupture, obtained by numerical analysis, is practically similar to the experimental one (Figure 8 and 9) . First crack and plastic hinge, characterized by bending rupture with concrete crushing, appear at clamp support. Such hinge presents a high capacity for redistribution of forces. Secondly, it appears one other hinge behind the point of applied load, which is nearer the simply support. When this second hinge forms, a mechanism of plastic hinges appears and the global structural rupture is achieved. Table 7 presents a comparison between experimental and numerical data for rupture load and bending moment at clamp support. Comparing both output parameters it is possible to conclude that a higher approximation is achieved for rupture load. This can be due to the fact that the bending moment is determined in an indirect way, by using the equilibrium equations of static and the measured reaction at simply support. 
Simply Supported Beams
The uncertainty evaluation of previous described tested beams was based in a non linear probabilistic analysis. It were identified, as main uncertainty input parameters, some, related to used materials (concrete and steel), and others, to structural geometry (thickness and concrete cover). Each parameter was defined by a random distribution function (Table 8, 9 and 10) , accordingly to the bibliography (JCSS, 2001 , Choi et al., 2004 , and Matos, 2008 . A correlation matrix (Table 11 and 12), which relates some of input random variables, was also defined. A Monte Carlo simulation, coupled to a Latin Hypercube sampling technique, was executed. It was generated, and posterior analyzed, one hundred samples of the finite element model. Such analysis consisted in determining the confidence intervals of obtained numerical results. To perform that, the applied load was considered to be the unique random variable. Assuming a Normal distribution, the interval [µ-3σ; µ+3σ] (µ -average value and σ -standard deviation), which correspond to a 99% of possibility, was defined. A comparison between calculated confidence intervals (numerical results) and experimental data was performed (Figure 17, 18, 19 and 20) . By analyzing Figure 17, 18, 19 and 20, it is possible to conclude that, in a general way, experimental results are within the possibility, defined by the numerical confidence intervals. However, there exist some situations, like in typology 3 and 4, where confidence interval gets very large, as applied load grows, and, consequently losing any liability.
A comparison of rupture load was then executed. In order to do that, it was necessary to perform, for each typology, the experimental data curve fitting. The numerical and experimental rupture loads random distributions, assumed to be Normal (N) ones, were so calculated. It was also necessary to establish a limit function, which relates the proximity of both random distributions, by calculating their difference. The liability index (β), associated to the limit function, was then determined.
From the analysis of Table 13 , it is possible to conclude that typology 1 and 3, related to bending rupture modes, present a lower liability index, which means that the approximation between both random distributions is higher. In other way, typology 3 and 4 that present shear rupture modes, or which are in the limit between both, are associated to a higher liability index. The only way to minimize this value is by collecting more data regarding the analyzed beams (Matos et al., 2010) . 
Mixed Supported Beams
The uncertainty evaluation of these beams was based in a non linear probabilistic analysis. In this analysis it were considered, to be uncertainty, material parameters, geometric parameters, and spring constant, related to the clamp support effect (Table 14, 15, 16 and 17) .
Most of parameters were defined by a random distribution function, accordingly to the characterization tests. However, some of them, as thickness and constant spring, were defined by present bibliography (JCSS, 2001 , Choi et al., 2004 , and Matos, 2008 and by a sensitive analysis. A correlation matrix (Table 18 and 19) , which relates some of input random variables, was also introduced.
A Monte Carlo simulation, coupled to a Latin Hypercube sampling technique, was executed, being, the obtained results, analyzed. Such analysis consisted in determining the confidence intervals, corresponding to a 99% of possibility. A comparison between calculated confidence intervals (numerical results) and experimental data was then performed.
By analyzing Figure 21 and 22, it is possible to conclude that, in a general way, experimental results are within the possibility, defined by the numerical confidence intervals. It is important to refer that the output random variable is, for the graph in Figure  21 , the applied load, and, for the graph in Figure 22 , the bending moment.
A comparison of two output variables, respectively, rupture load and bending moment at clamp support, was then performed. In order to do that, it was necessary to determine the random distribution function for numerical and experimental variables. It was also needed to establish a limit function, and respective liability index (β), which relates the proximity of both random distributions, by calculating their difference. From the analysis of Table 20 , it is possible to conclude that both variables present a low liability index, which let us conclude about the proximity of numerical and experimental data. The rupture load liability index is negative due to the fact of the average value of numerical result being lower than experimental data. 
CONCLUSIONS
This article presents a methodology which purpose is to characterize, in a consistent way, if any reinforced concrete structure presents a behavior within expected one, or not, taking into consideration the related uncertainty. The methodology is divided on following steps: 1) Develop a calibrated deterministic numerical model; 2) Determine a random distribution function for each input parameter; 3) Develop a non linear probabilistic analysis; 4) Calculate a liability index, which relates the proximity of numerical and experimental data.
Two sets of laboratory tested beams, with different support conditions, are analyzed by this methodology. Principal conclusions are the applicability of purposed methodology, and, the necessity of collecting data, mainly, in presence of situations where ex-perimental results are characterized by a large variability. The behavior of reinforced concrete bridges, more complex structures, can be also evaluated, in a consistent way, through this methodology, presenting, so a great utility for their safety evaluation.
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